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Abstract
The discovery of a planet around the closest star to our Sun, Proxima Centauri, represents a quantum
leap in the testability of exoplanetary models. Unlike any other discovered exoplanet, models of Proxima b
could be contrasted against near future telescopic observations and far future in-situ measurements. In this
paper we aim at predicting the planetary radius and the magnetic properties (dynamo lifetime and magnetic
dipole moment) of Proxima b analogues (solid planets with masses of ∼ 1−3M⊕, rotation periods of several
days and habitable conditions). For this purpose we build a grid of planetary models with a wide range
of compositions and masses. For each point in the grid we run the planetary evolution model developed
in Zuluaga et al. (2013). Our model assumes small orbital eccentricity, negligible tidal heating and earth-
like radiogenic mantle elements abundances. We devise a statistical methodology to estimate the posterior
distribution of the desired planetary properties assuming simple prior distributions for the orbital inclination
and bulk composition. Our model predicts that Proxima b would have a mass 1.3 ≤ Mp ≤ 2.3M⊕ and a
radius Rp = 1.4
+0.3
−0.2R⊕. In our simulations, most Proxima b analogues develop intrinsic dynamos that last
for ≥4 Gyr (the estimated age of the host star). If alive, the dynamo of Proxima b have a dipole moment
Mdip > 0.32×2.3÷2.9Mdip,⊕. These results are not restricted to Proxima b but they also apply to earth-like
planets having similar observed properties.
Keywords: Planets and satellites: magnetic fields, Planets and satellites: fundamental parameters,
Planets and satellites: individual (Proxima Centauri b)
1. Introduction
After 16 year of observations, a planet around the
closest star to our Sun, Proxima Centauri or Prox-
ima, has been discovered (Anglada-Escude´ et al.,
2016). The reported properties of the planet, a min-
imum mass of 1.3M⊕ and orbital period about 11.3
days, which places it inside the habitable zone (HZ),
make Proxima b the closest Earth-twin. Beyond
its obvious astrobiological relevance (Barnes et al.,
2016; Ribas et al., 2016; Turbet et al., 2016), future
observations of Proxima b with ground- and space-
based telescopes (E-ELT, JWST, WFIRST, etc.)
and, hopefully, in-situ space probes (Lubin, 2016),
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will provide us contrasting information for models
of planetary processes not yet tested beyond the
Solar System.
Here we apply the planetary evolution models
we developed in Zuluaga et al. (2013), to study
the magnetic properties of Proxima b analogues,
namely planets with masses between 1.3 and
∼2.6M⊕, rotational periods between 7.5 and 11.3
days, and habitable surface conditions. Our results
are not restricted to Proxima b. The same set of
planetary analogues we model here, describes well
other earth-like exoplanets with similar observable
properties (stellar and planetary minimum mass).
This paper is organized as follows: in Section 2
we describe the planetary evolution model. Sec-
tion 3 describes the methods we use to estimate the
posterior distribution of the magnetic properties for
Proxima b analogues. Section 4 presents the results
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of applying our methods and finally, in Section 5 we
discuss our results and the limitations of our mod-
els.
2. Planetary Evolution Model
The planetary evolution model we use here
is based in the model developed and tested in
Zuluaga et al. (2013) (hereafter ZUL13). For the
sake of completeness and reproducibility, we present
in the following paragraphs the main features of the
model. We refer the reader to the original paper (es-
pecially Section 7) for a detailed discussion on its
assumptions, limitations and in particular on the
sensitivity of the model to several key parameters.
2.1. Interior structure
Our Proxima b analogues are solid spherical plan-
ets, with three differentiated layer (see Figure 1
for an schematic representation): an iron core, a
rocky mantle and a surface layer of solid and liq-
uid water. Our original model in ZUL13 did not
include the water layer. However, in-situ forma-
tion of Proxima b analogues seems to be implau-
sible (Anglada-Escude´ et al., 2016) and several al-
ternative formation scenarios (Ribas et al., 2016;
Barnes et al., 2016) predict that the new planet
could have a volatile-rich composition (Le´ger et al.,
2004).
Pressure, density, gravitational field and local
bulk modulus inside the planet, are calculated
solving the hydrostatic equilibrium, continuity and
Adams-Williamson equations (Valencia et al. 2006,
2007a,b). For all layers we use the Vinet equation-
of-state with parameters frequently used in litera-
ture (see Table 1 in ZUL13 and Table 3 here). We
assume in all cases that the inner-core is made of
pure iron while the outer core is made of an iron
alloy, namely Fe(0.8)FeS(0.2). The rocky mantle is
made of olivine (upper mantle) and perovskite with
ferromagnesiowustite (lower mantle). The outer-
most layer (if present) is made of liquid water and
ice (mostly ice VII).
In Figure 2 we show a comparison between se-
lected properties (density, pressure and gravity
field) calculated with our model for the case of an
Earth-mass planet and the same properties as ob-
tained from seismic data for the Earth itself (the so-
called Preliminary Reference Earth Model, PREM,
Dziewonski and Anderson 1981).
Our interior structure model reproduce rather
well the mechanical and elastic properties of the
Figure 1: Schematic representation of our planetary model.
Mdip is the magnetic dipole moment. Qc the heat coming
out from the core and Qm the total heat released by the
planet.
Figure 2: Density, pressure and gravity profiles of an Earth-
mass planet as calculated with our interior structure model
(continuous lines) and those of the Preliminary Reference
Earth Model (PREM, Dziewonski and Anderson 1981).
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Water phase ρ0 (kg/m
3) K0 (GPa) K
′
0
Liquid* 998.23 2.18 0
Ice VII (1) 1463 27.8 2.8
Ice VII (2) 1463 97.0 3.0
Ice VII (3) 1463 260. 7.3
Table 1: Parameters of the Vinet Equation of State for water
as used in this work (Wolanin et al., 1997). For liquid wa-
ter, the value K ′0 = 0 indicates that we assume a constant
(density independent) bulk modulus KS = K0.
Earth’s interior. Although the model underesti-
mates the total radius of the planet and the radius
of the inner-core, the errors in both quantities are
not larger than 2%.
The solid inner-core is responsible for the over-
density below 0.2 R⊕ in the PREM data in Figure
2. In our model, on the other hand, iron solidifi-
cation in the core occurs as the planet evolves. In
this case, the density of the solid inner-core (when
present) is calculated using the simple prescription
ρs(r) = ρ(r)/(1 − ∆ρ). Here, ρ(r) is the density
obtained solving the interior structure model and
∆ρ is a constant enhancement factor computed by
comparing ρ(r = 0) with the density obtained from
the Vinet equation as calculated with the pressure
in the planet center. In other words, the density
profiles shown in Figure 2 and 3, correspond to ini-
tial (reference) profiles.
In order to illustrate the effect that different
masses and compositions have in planetary prop-
erties, we plot in Figure 3 the density and pressure
profiles of several Proxima b analogues.
As expected, the planetary radius is a
monotonous function of planetary mass (up-
per row of Figure 3). For a fixed mass, the radius
of the core strongly depends on core mass fraction
(CMF) but the total radius of the planet is almost
unchanged (middle row of Figure 3).
In planets having more than 10% by mass of
water (Ice mass fraction, IMF>0.1), the slope of
the density profile exhibits several discontinuities.
Those discontinuities arises from phase transitions,
namely, liquid to ice and ice to ice. In Table 1 we
show the parameters of the equation of state for
water we use in our model. Since the pressure in
the water layer, at least for the planetary masses
we are interested here, is above 1 GPa (see bottom
row in Figure 3) we assume that most ice is only in
the form of ice VII (see eg. (Wolanin et al., 1997)).
We see that in water-rich planets the core and
mantle density is not substantially modified with
respect to what we can call “dry planets” (IMF≈
0). Core pressure in water-rich planets, however, is
significantly reduced with respect to dry analogues.
This is due to the lower weight of the water-rich
external layer.
2.2. Thermal evolution
A solution to the equations governing the me-
chanical structure of the planet does not provide
its initial temperature profile. Actually, tempera-
ture is one of the most uncertain properties when
modeling the evolution of solid planets.
We will assume that temperature inside the
core and mantle follows a an adiabatic profile
(Labrosse et al., 2001; Labrosse, 2003):
T (r, t) = T (r = R, t) exp
(
R2 − r2
D2
)
(1)
Here R is the outer radius of the corresponding
layer (core or mantle radius) and D is the tempera-
ture scale-height. In the core Dc =
√
3cp/2παρcG,
where α is the isothermal expansivity and ρc is the
density at core center. In the the mantle D2m =
L2m/γ, where L
2
m = (R
2
p − R2c)/ log(ρm/ρCMB) is
the density scale-height (ρm is the mantle average
density and ρCMB is the density at the core man-
tle boundary), and γ is the Gruneisen parameter
(Labrosse, 2003).
The adiabatic profile in Eq. (1) explicitly decou-
ple the temporal and spatial dependencies of tem-
perature and reduces the thermal evolution prob-
lem to finding two unknowns functions: the upper-
mantle temperature Tm(t) = T (r = Rm, t) and
the temperature at the core surface Tc(t) = T (r =
Rc, t) (Rc and Rm are the mantle and core radii).
The initial value of Tm is calculated from the
potential temperature θ of mantle material (Eq.
24 in ZUL13). On the other hand, the initial
value of Tc is rather uncertain. Thermal evolu-
tion models available in literature use very dif-
ferent and mostly “arbitrary” criteria to set Tc
(Tachinami et al., 2011; Stamenkovic´ et al., 2011;
Gaidos et al., 2010; Driscoll and Barnes, 2015). In
ZUL13 we verified that assuming Tc close to the
melting point of perovskite at the conditions of the
lower mantle, works relatively well at reproducing
the thermal properties of an Earth-mass planet (for
details see Section 3.4 in ZUL13). In this case the
initial value is Tc = 4690 K which is almost 1,000
K larger than the CMB temperature estimated by
3
Figure 3: Density and pressure profiles for selected planetary models. Top row: Earth-like composition and different planetary
masses. Here CMF stands for “Core Mass Fraction” and IMF is the “Ice Mass Fraction”. Middle row: dry planets (IMF = 0)
with fixed mass Mp = 1.5M⊕ and different iron content. Bottom row: planets with fixed mass Mp = 1.5M⊕, Earth-like
iron content CMF = 0.3 and different amounts of water. The particular models selected here are chosen not to illustrate
exhaustively the effect that Mp, CMF and IMF have in the structure of the planet, but to show the effect that each of these
quantities could have on the interior properties of Proxima b analogues.
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Stacey and Davis (2004). We have verified that as-
suming a larger value for Tc will delay thermal evo-
lution by just 50-100 Myrs which is in agreement
with (Stamenkovic´ et al., 2011).
It is interesting to notice that thermal correc-
tions to the equation-of-state should have an im-
pact in the calculation of the mechanical proper-
ties of the planet (see eg. Valencia et al. 2007b).
Strictly speaking we cannot solve the interior struc-
ture equations without solving simultaneously the
equations governing T (r, t). For simplicity, how-
ever, we will neglect thermal corrections to the
equations of state. As a result density, pressure,
gravity and other interior structure properties will
remain the same as they are in the initial (refer-
ence) model during the integration of the thermal
evolution equations.
Energy conservation across the core-mantle
boundary (CMB) and mantle-ice-boundary (MIB)
provide us with differential equations governing the
evolution of Tc(t) and Tm(t) (Labrosse et al., 2001;
Nimmo, 2009b):
(Cs + Cg + Cl)
dTc
dt
= Qc (2)
Qr +Qc + Cm
dTm
dt
= Qm (3)
Here Qc and Qm are the total energy released by
the core and the mantle respectively. Qr is the ra-
dioactive heat produced inside the mantle. Cs, Cg
and Cl are “bulk heat capacities” associated to sen-
sible heat, gravitational energy and latent heat of
solidification in the core. Finally Cm is the mantle
bulk heat capacity.
The dependency of these quantities on plane-
tary interior properties is rather complex (Nimmo,
2009b). We summarize below the most relevant de-
tails of the calculation of each of these terms. Fur-
ther information is provided in ZUL13.
Core Cs and mantle Cm bulk heat capaci-
ties. As the core and the mantle cool down, internal
energy is released as heat into the surrounding lay-
ers. The amount of energy released by a complete
layer after a reduction of one degree Kelvin in their
boundary temperature, is given by what we call the
“bulk heat capacity”:
C = −4πM
∫ Re
Ri
ρ(r)cp exp
(
R2 − r2
D2
)
r2dr (4)
The minus sign indicates that energy is released
to the environment when the temperature of the
layer is reduced, ie. dT < 0. Here M , Ri and Re
are the total mass, inner radius and outer radius
of the layer. cp is the specific heat capacity of the
material and D the temperature scale-height.
Gravitational heat capacity, Cg. Solidifica-
tion of iron in the inner-core releases light elements.
This material ascends through the outer core bring-
ing out gravitational energy and contributing to
cool down the core. To model this effect we use
the expression given in Table 1 of (Nimmo, 2009b).
Latent heat capacity, Cl. Solidification of iron
releases latent heat into the core. To model this
effect we use the expression given in Table 1 of
(Nimmo, 2009b).
Bulk, gravitational and latent heat capacities re-
quires that the radius of the inner-corem Ric be
known at each integration step. Thus, for instance,
if no solid-core is present, ie. Ric = 0, Cg and Cl
must be set to zero in Eq. (2).
The inner-core radius Ric obeys its own differen-
tial equation (Gaidos et al., 2010):
dRic
dt
= − D
2
c
2Ric(∆− 1)
1
Tc
dTc
dt
.
where ∆ is the ratio between the gradient of the
“solidus” and the gradient of the adiabatic temper-
ature profile (see ZUL13 for details).
For the iron solidus we use the Lindemann law
for a Fe+Alloy:
∂ log τ
∂ log ρ
= 2[γ − δ(ρ)] (5)
where δ(ρ) ≈ 1/3 and γ is the Gruneisen parame-
ter that for simplicity is assumed constant. In order
to obtain the solidus temperature τ as a function
of r, we integrate Equation 5 using reference values
ρ0 = 8300 kg/m
3 (pure iron), τ0 = 1808 K down to
the numerical value of ρ(r) as provided by the inte-
rior structure model. Although this solidus depends
on the bulk composition of the core (through the
Gruneisen parameter), it does not include any com-
position gradient that may build up during thermal
evolution.
Radiogenic heat, Qr. The decay of un-
stable isotopes constitutes a significant frac-
tion of the heat released by the interior
of solid planets (KamLAND Collaboration et al.,
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Parameter 40K 232Th 235U 238U
t1/2 (Gyr) 1.26 14.0 0.704 4.47
Xi 36.9 124 0.22 30.8
Wi (×10−5 W kg−1) 2.92 2.64 56.9 9.46
Table 2: Parameters of the radioactive decay function as-
sumed in this work. Taken from Table 1 of Kite et al. 2009
assuming a “mantle” composition.
2011; Agostini et al., 2015). Four main isotopes
contribute to this effect: K-40, Th-232, U-238 and
U-235 (Kite et al., 2009). The total energy released
by the decay of those isotopes is given by:
Qr(t) =Mm
∑
i
XiWie
−
(t−4.5Gyr)
t1/2/ log 2 (6)
where Mm is the mantle mass, Xi is the present
day concentration of the i−th isotope, Wi is the
decay specific power and ti,1/2 its half-life. Isotope
concentrations depends on the initial composition
of the planet and on its impact history. For the sake
of simplicity, we will assume hereafter that all plan-
ets have the same radiogenic proportions as Earth
(see section 5 for a discussion of this particular as-
sumption). The assumed values for the parameters
in Equation 6 are presented in Table 2.
Energy balance in Eqs. (2) and (3), depends
on the boundary conditions at the core-mantle and
mantle-ice boundaries. We use in both cases bound-
ary layer theory (BLT) to compute the energy flow-
ing through CMB and MBI.
Core and mantle heat, Qc and Qm. Accord-
ing to BLT the heat flowing through a boundary of
height B and temperature contrast ∆T is given by
(Gaidos et al., 2010):
Q =
4πR2
B
k∆T Nu,
Here R is the radius of the boundary layer, k is
its thermal conductivity and ∆T the temperature
contrast through the boundary. The Nusselt num-
ber, Nu, defined as the ratio of the total to the
conductive heat transfer, is expressed in therms of
the so-called Rayleigh number Ra as(Gaidos et al.,
2010),
Nu ≈ (Ra/Ra∗)νeff (7)
Ra =
ρ g α ∆T B3
κη
(h.f.b.) (8)
Ra =
αgρ2(Q/M)B5
kκη
(h.f.i.) (9)
where Ra∗ and νeff are scaling-law free parame-
ters, g the local gravitational field, κ the thermal
diffusivity at the boundary, Q/M the heat per unit
of mass coming into the boundary layer, B is the
thickness of the layer, and η the dynamic viscosity
of the material in the boundary layer. Here, h.f.b.
stands for “heated from below”and h.f.i. is “heated
from inside”.
At building our model grid we have used for
the parameters of the Nusselt number scaling law,
Ra∗=1000 and νeff = 1/3. This vale of the ex-
ponent is typical of the classical Rayleigh-Be´nard
Convection (RPC for short, Malkus 1954b,a). The
proper scaling law for Nu could be much more
complex and it would depend on the balance be-
tween viscosity, Coriolis force and buoyancy (see eg.
Chilla` and Schumacher 2012 and references there
in). In the case of terrestrial planets, rotation
may play an important role and taking this factor
into account for a proper Nu scaling is important
(Gastine et al., 2016). For the particular case of
tidally locked planets (as is the case of Proxima b
as we will show later), we have verified that the val-
ues of Ra and the convective Rossby number, Roc,
are close or in the range where the classical non-
rotating RBC can be applied. However, a proper
investigation of the effect that a more realistic scal-
ing law for Nu should be pursued.
2.2.1. Rhelogical model
Viscosity is one of the most critical quantities in-
volved in any thermal evolution model. The elec-
tion of a particular rheological model to describe
the properties of silicates and iron at high pressure
has been always a source of controversy (see eg.
Stamenkovic´ et al. 2011).
After testing different rheological models avail-
able in literature, we found that the solution that
better matches the thermal evolution of Earth while
being also suitable to describe more massive plan-
ets (where pressures are much larger than inside the
Earth) is to assume two different expressions for
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computing the dynamic viscosity at low and high
pressures.
At high pressures and temperatures (lower man-
tle and CMB) we use a Nabarro-Herring formula:
ηNH(P, T ) =
Rgd
m
D0Ammol
Tρ(P, T ) exp
(
b Tmelt(P )
T
)
(10)
.
This model is better suited to de-
scribe the rheological properties of per-
ovskite (Yamazaki and Karato, 2001). Here
Rg = 8.31Jmol
−1K−1 is the gas constant, d the
grain size, m the growing exponent, D0 is the
pre-exponential diffusion coefficient, mmol and
Tmelt(P ) are the molar density and melting tem-
perature of Perovskite. A and b are free parameters
chosen to fit the thermal evolution of Earth. For all
these parameters we have assumed the same values
used in Stamenkovic´ et al. (2011) (see Table 3).
At low pressures and temperatures (upper man-
tle), where rheology is relatively better con-
strained, the Nabarro-Herring formula leads to
huge underestimations of viscosity. In this case
we use a more usual Arrhenius-type formula
Tachinami et al. (2011):
ηA(P, T ) =
1
2
ǫ˙(1−n)/n (11)
Here ǫ˙ is the strain rate, n is the creep index, B
is the Barger coefficient, and E∗ and V ∗ are the ac-
tivation energy and volume. The values assumed
here for these parameters are the same as those
given in table 4 of Tachinami et al. 2011 except for
the activation volume whose value is assumed to be
V ∗ = 2.5× 10−6 m3 mol−1.
Although still controversial, our approach is
physically better motivated than other solutions to
the same problem (that for instance use the same
rheology all across the mantle). Naturally it could
be subject to huge improvements as better rheolog-
ical models at high pressures be developed in the
future.
In Figure 4 we plot contour values of the viscos-
ity at the typical pressures and temperatures in the
interior of the planetary models in Figure 3. We see
that the viscosity values used in our models are in
good agreement with those obtained from glacial
isostatic adjustment data (Mitrovica and Forte,
2004; Lau et al., 2016) and those assumed in previ-
ous thermal evolution models (Stamenkovic´ et al.,
2011).
Figure 4: Values of the viscosity as calculated in our model
for the lower mantle (Nabarro-Herring model) and the upper-
mantle (Arrhenius-like model). Black circles correspond to
values of (upper or lower mantle) pressure, temperature and
resulting viscosity in planets with different mass and same
composition as Earth, as computed at the middle of the
dynamo-lifetime.
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Parameter Value Ref.
Bulk
CMF 0.325 –
Ts 290 K –
Ps 0 bar –
Inner-core
Material Fe A
ρ0, K0, K
′
0, γ0, q, θ0 8300 kg m
−3, 160.2 GPa, 5.82, 1.36, 0.91, 998 K A
kc 40 W m
−1 K−1 B
∆S 118 j kg−1K−1 C
Outer core
Material Fe(0,8)FeS(0,2) A
ρ0, K0, K
′
0, γ0, q, θ0 7171 kg m
−3, 150.2 GPa, 5.675, 1.36, 0.91, 998 K A
α 1.4 ×10−6 K−1 D
cp 850 j kg
−1 K−1 C
kc 40 W m
−1 K−1 B
κc 6.5× 10−6 m2 s−1 E
∆S 118 j kg−1 K−1 C
ǫad 0.71 –
ξc 0.4 –
Lower mantle
Material pv+fmw A
ρ0, K0, K
′
0, γ0, q, θ0 4152 kg m
−3, 223.6 GPa, 4.274, 1.48, 1.4, 1070 K A
d, m, A, b, D0, mmol 1×10−3 m, 2, 13.3, 12.33, 2.7×10−10 m2 s−1, 0.10039 kg mol−1 F
α 2.4 ×10−6K−1 D
cp 1250 j kg
−1 K−1 C
km 6 W m
−1 K−1 C
κm 7.5× 10−7 m2s−1 E
∆S 130 j kg−1 K−1 C
Upper mantle
Material ol A
ρ0, K0, K
′
0, γ0, q, θ0 3347 kg m
−3, 126.8 GPa, 4.274, 0.99, 2.1, 809 K A
B, n, E∗, ǫ˙ 3.5× 10−15 Pa−ns−1, 3, 430×103 j mol−1, 1× 10−15 s−1 D
V ∗ 2.5 ×10−6 m3 mol−1 F
α 3.6 ×10−6 K−1 D
cp 1250 j kg
−1 K−1 C
km 6 W m
−1 K−1 C
κm 7.5× 10−7 m2 s−1 E
θ 1700 K F
χr 1.253 –
Table 3: Interior structure and thermal evolution model parameters (for a detailed definition of these quantities see
Zuluaga et al. 2013. Sources: (A) Valencia et al. (2006), (B) Nimmo (2009b), (C) Gaidos et al. (2010), (D) Tachinami et al.
(2011), (E) Ricard (2009), (F) Stamenkovic´ et al. (2011).
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2.2.2. Thermal evolution results
In Figure 5 we show the heat flux, qm =
Qm/4πR
2
p at the planet surface calculated for the
same set of planetary models of Figure 3. We also
plot there the total available energy for dynamo ac-
tion Qconv:
Qconv = ΦTc (12)
where Φ is the entropy associated to Ohmic dis-
sipation:
Φ = El + Es + Eg − Ek. (13)
Es, Eg, El and Ek are the entropies associated
to secular cooling, compositional buoyancy, latent
heat and thermal conduction (thermal diffusivity
as ohmic dissipation is a sink of entropy and hence
have the same sign as Φ). We have neglected here
the terms from radioactive and pressure heating
(Nimmo, 2009b).
Analytical expressions for the sources of entropy,
Es, Eg and El, in the case of a core having adia-
batic temperature and density profiles are given in
Table 1 of (Nimmo, 2009a). On the other hand, the
entropy associated to thermal conduction is given
by:
Ek =
16πκr5c
5D4
where κ is the thermal conductivity. In this work
we have assumed an outdated value of κ = 40 W
m−1 K−1, the same used in the original work of
ZUL13 to fit the thermal evolution of the Earth.
Larger values for this parameter, κ > 90 W m−1
K−1 have been recently predicted by ab initio cal-
culations (Pozzo et al., 2012; Gomi et al., 2013).
However, In ZUL13 we studied the effect that a
larger κ will have on the results of our thermal evo-
lution model. We found there that doubling κ will
not have a significant impact on the maximum mag-
netic field strength or the dynamo lifetime, at least
for planets with a similar composition as the Earth.
For more massive planets (and probably for planets
having a large water envelop), using a lower value
of κ tend to overestimate the dynamo lifetime. We
must have this in mind when interpreting the con-
straints on the magnetic properties of Proxima b
analogues. Running the full model grid for larger
values of κ is left for a future work.
Thermal evolution simulations end when the to-
tal heat flux is equal to the conductive flux (no con-
vection), and the dynamo is shut down. The maxi-
mum simulation time is called the dynamo lifetime
tdyn.
Surface heat flux is not too different among dry
planets (IMF≈ 0) having different masses and com-
positions (upper row in Figure 3). However, the
presence of a water layer, although not contribut-
ing to the energy budget of the planet, have a large
impact on the thermal output and core convective
power. Water-rich planets produce up to one order
of magnitude less energy than dry ones. This is due
to their thinner and less massive rocky mantles.
Interestingly, the core convective power is larger
for larger IMF (at least until IMF≈ 0.4 in the case
of the modeled mass, see bottom row in Figure 3).
This is due to a thinner and cooler mantle that
ensues the removal of heat from the core, boosting
convection. However, if the mass of the water layer
is too large, the pressure and temperature in the
core is low, as well as its size and mass (see bottom
row in Figure 3) reducing the power of convection.
Water-rich planets also have longer-lived dy-
namos than drier ones (middle and bottom row in
Figure 5). This is due to the fact that the cooling
rate dT/dt is proportional to the total heat released
by the planet (see Eqs. 2 and 3). Since water rich
planets cool down slower, their dynamos could also
last longer.
2.3. Magnetic properties
Energy-based dynamo scaling laws (Christensen,
2010) allows us to estimate from the available con-
vective energy, the volumetric energy density of the
magnetic field in the core B2rms = (1/V )
∫
B2dV :
Brms ∝ µ1/20 ρ¯1/6c (D/V )1/3Q1/3conv (14)
Here ρ¯c, D = R⋆ −Ric and V = 4π(R3⋆ −R3ic)/3
are the average density, height and volume of the
convective shell.
Magnetic energy could be distributed in many
multipolar components (multipolar-dominated
field) or concentrated in the dipole component
(dipolar-dominated field). The fraction of the
power in the dipolar component or the “degree of
dipolarity”, depends on different factors, including
convective power, density and size of the con-
vective layer, but more importantly on planetary
rotational period P .
To determine the degree of dipolarity, we need to
estimate the so-called Rossby number; this quan-
tity is also scaled from the convective energy using
9
Figure 5: Surface heat flux qm and total convection energy in the core Qconv for the same planetary models used in Figure 3.
Values for each model are plotted until dynamo is shut down, ie. Qconv < 0; we call this time, the dynamo lifetime tdyn. Of
course the mantle still cools down beyond tdyn; however, since our model is intended to calculate the magnetic properties of
the planet, the simulation is stopped at that time.
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a power-law (Aubert et al., 2009; Zuluaga et al.,
2013):
Ro∗l ∝ ρ¯−1/6c R−2/3c D−1/3V −1/2Q1/2convP 7/6. (15)
In numerical experiments dynamos with Ro∗l .
0.1 have dipolar dominated magnetic fields.
Once the average intensity and the degree of
dipolarity of the core magnetic field has been es-
timated, we calculate an upper bound of the core
dipolar field Bdipc . We use for that purpose the pre-
scription in Zuluaga and Cuartas (2012), for which
we first calculate the maximum fraction of the mag-
netic energy 1/bmindip in the dipolar component of the
field (see Figure 1 in Zuluaga and Cuartas 2012),
and from there to constrain the dipolar component
of the core field,
Bdipc .
1
bmindip (Ro
∗
l )
Brms (16)
Finally, the maximum attainable dipolar mag-
netic field strength at the planetary surface is com-
puted from:
Bdipp (Rp) = B
dip
c
(
Rp
Rc
)3
The strength of the magnetic field can also be ex-
pressed in terms of the dipole momentMdip, which
is related to the dipolar component of the magnetic
field Bdip by:
Mdip = 2
√
2
µ0
πR3pB
dip
p
where µ0 is the vacuum permeability. For refer-
ence, the present value the Earth’s surface magnetic
field dipole component is Bdip⊕ = 42.48 µT, while its
dipole moment is Mdip,⊕ = 7.768× 1022 A m2.
In Figure 6 we show the maximum dipole mo-
ments calculated with the formulas described be-
fore and in the case of the planetary models of Fig-
ures 3. For comparison purposes, we have calcu-
lated the magnetic properties of the planets using
two rotational periods: P = 1 day (fast rotators)
and P = 11 days (slow rotators; this is also the
synchronous rotational period of Proxima b, see
subsection 4.1).
The magnetic field strength for dry fast rotat-
ing planets evolves in a similar way as the available
convective energyQconv (Figure 5) as expected from
the dynamo scaling law (Eq. 14). Water rich plan-
ets, however exhibits a curious behavior: in most
cases the magnetic field is intensified at around half
of their dynamo lifetime. This intensification does
not match any similar change in the available con-
vective energy. What we are seeing here is the tran-
sition from a multipolar field (low value of the dipo-
lar component) to a dipolar dominated one. This
change is caused by the evolution of the Rossby
number as the planet cools down. As we explained
before the available convective energy of water rich
planets is relatively large. As a consequence iner-
tial forces driving convection in the outer core dom-
inates over the coriolis forces for most part of the
evolution. In this condition, convection is turbulent
and the magnetic field “disorganized”. When the
planet has cool down enough, coriolis forces start to
organize convection and a dipolar dominated mag-
netic field arises. The same behavior is observed in
all the slowly rotating planets. The dipolar domi-
nated field in those cases, however, lasts for a small
fraction of the dynamo lifetime.
Having a fully fledged planetary evolution model,
we may now attempt to calculate the evolution of
planets with properties (mass, composition and ro-
tation) compatible with the observed characteristics
of Proxima b (planetary analogues). We will focus
here on to predict or constraint four basic proper-
ties: (1) planetary radius Rp, (2) average surface
heat flux qm, (3) dynamo lifetime tdyn and (4) min-
imum dipole moment, Mmindip . We will call these,
the “magnetic properties” of the planet.
3. Proxima b analogues
3.1. Statistical strategy
Only two properties of Proxima b are presently
known: its minimum mass Mmin = Mp sin i =
1.3M⊕ and orbital period Porb = 11.3 days
(Anglada-Escude´ et al., 2016). Other key “pri-
mary” properties such as its actual mass Mp, bulk
composition, planetary radius Rp, rotational period
Prot, orbital inclination i relative to the plane of the
sky and eccentricity e are yet unknown.
If we build a large synthetic sample of plane-
tary analogues (a “planetary ensemble”), with each
planet having random values of the unknown fun-
damental properties (which follow certain prior dis-
tributions), and we use our model to compute the
11
Figure 6: Maximum magnetic dipole moment and scaled local Rossby number (Equation 15), calculated for a selected set of
planetary models and two periods of rotations: 1 day (left column) and 11 days (right column). Top row: Earth-like composition
and different planetary masses. Here CMF stands for Core Mass Fraction and IMF is the Ice Mass Fraction. Middle row:
dry planets (IMF = 0) with fixed mass Mp = 1.5M⊕ and different iron contents. Bottom row: planets with fixed mass
Mp = 1.5M⊕, Earth-like iron content CMF = 0.3 and different water contents. The spikes observed in the magnetic field
intensity for the slowly rotating planets (right column), are a manifestation of the transition from a multipolar (Ro∗
l
> 0.1)
to a dipolar dominated magnetic field (Ro∗
l
< 0.1). This transition happens when the inertial convective forces in the iron
core, become much lower than coriolis forces at later stages of thermal evolution. Although this transition is more noticeable
at low rotational rates, it is also observed in the case of fast rotating planets with a moderate water content (bottom row, left
column).
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Figure 7: Statistical strategy.
magnetic properties of each planet in the sample,
we can estimate the posterior probability distribu-
tion of the magnetic properties in the ensemble. Us-
ing these estimated distributions we can predict or
constrain to a certain confidence level the expected
magnetic properties of Proxima b and their ana-
logues.
A schematic representation of the statistical
strategy devised here is presented in Figure 7. Each
fundamental property (physical or observed)X , has
an a prior probability distribution pX. Our purpose
here is to estimate the posterior joint probabilities
of the mass Mp and the corresponding magnetic
property Y , namely PˆMp,Y . Confidence level in-
tervals for Y are obtained by marginalizing PˆMp,Y
with respect toMp. Our strategy resembles the Hi-
erarchical Bayesian Models (HBM) which are be-
coming very popular in the context of exoplane-
tary sciences where the lack of information about
the studied objects is the rule instead of the excep-
tion (see eg. Chen and Kipping 2016 and references
there in).
3.2. Model grid
For implementing the statistical strategy de-
scribed in the previous section, we build a grid of
planetary models with masses ranging from 1 to 7
M⊕ (resolution of 0.3-0.5M⊕). This set of masses
not only include the minimum mass of Proxima b,
but cover all possible orbital inclinations between
10◦ − 90◦. Though inclinations i . 10◦ (Mp >
7M⊕) are in principle possible, planets that mas-
sive would produce detectable astrometric signals
in Proxima Centauri (Barnes et al., 2016). More-
over, even accepting very low inclinations, more
than 85% of the analogues would have masses below
our model maximum of 7M⊕ (see below).
For each mass in the grid, our codes are run for
different core, ice and mantle mass-fractions (CMF,
IMF and MMF respectively). In our model CMF
ranges from 0.1 to 0.8 (0.1 steps) and IMF goes
from 0.0 to 0.9-CMF. Pure iron, pure rock or pure
ice analogues were not considered.
A total of 1,100 different combinations of mass
and compositions were simulated. The grid not only
encloses the properties of Proxima b, but also the
properties of many other discovered and yet to be
discovered earth-like exoplanets.
3.3. Planetary ensamble
To build our ensemble of Proxima b analogues
only three of the fundamental properties, namely,
inclination i, rotational period Prot and bulk com-
position (CMF,IMF) are randomly generated. For
simplicity, we have assumed that the observable
quantities Mmin and Porb are precisely known, ie.
pMmin is a discrete probability distribution that is
equal to 1 for the observed value Mmin and 0 oth-
erwise. The same assumption is applied to pPorb.
In all cases, eccentricity is assumed close to 0 (see
Section 5 for a discussion of this assumption).
Inclinations are generated assuming a flat prior
in the interval i ∈ [10◦, 90◦], ie. pi = U(10◦, 90◦).
Compositions (CMF,IMF) are generated in such a
way that every possible combination in our grid are
equally probable (flat composition prior pcomp).
The period of rotation is a key quantity at deter-
mining the magnetic properties. Since the planet is
close to its hots star (semi-major axis a = 0.05AU),
its period of rotation should be in a resonance with
its orbital period (Makarov and Efroimsky, 2013).
The most obvious resonance is the synchronous ro-
tation (1:1). However, even if the orbital eccen-
tricity is small, it could be trapped in a supersyn-
chronous resonance, ie. 3:2 or 2:1 (Makarov, 2013;
Makarov and Efroimsky, 2013; Ribas et al., 2016).
The probability of being trapped in those rotational
states depends not only on eccentricity, but also
on triaxiality (Ribas et al., 2016), bulk composition
(Cuartas-Restrepo et al., 2016) and detailed rheo-
logical properties (Makarov, 2013). In the absence
of any prior knowledge about these parameters, we
will assume that Proxima b analogues have, with
equal probability, one of two rotational periods:
11.3 days (syncrhonous rotation) or 7.5 days (3:2
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resonance). Equivalently the posterior distribution
function PˆP rot will be assumed discrete, such that
PˆP rot(11.3) = 1/2 and PˆP rot(7.5) = 1/2.
4. Magnetic properties of Proxima b ana-
logues
4.1. Nominal analogues
We call “nominal analogues”those planets having
the same observed minimum mass of Proxima b and
a rotational period equal to 11.3 days (synchronous
rotation). In statistical terms nominal analogues
are those obtained with the priors PˆMp(Mmin) = 1
and PˆP rot(11.3) = 1.
In Figure 8 we show contour plots in ternary di-
agrams of the 4 key magnetic properties of these
analogues. Since we are assuming flat priors for
compositions, ie. every composition in our grid is
equally probably, the posterior probability distribu-
tion of each magnetic properties in the case of nom-
inal analogues can be estimated with the frequency
of the properties calculated in all grid points. In
Figure 9 we plot the resulting estimated posterior
distributions.
The nominal Proxima b analogues have radii in
the range 0.96−1.53R⊕ with a median value of 1.24
R⊕. More precisely:
Rnomp = 1.24± 0.16R⊕ (70%CL)
Most of the uncertainty in radius comes from the
uncertainty in the IMF. If for instance we assume a
negligible IMF, the radius of the nominal analogues
is better constrained:
Rnom,dryp = 1.04± 0.06R⊕ (70%CL)
This value is in agreement with the estima-
tions by Kipping et al. (2016) using the novel
“forecasting” technique recently introduced by
Chen and Kipping (2016).
We identify a “sweet-spot” around CMF≈0.6,
MMF≈0.35 and IMF≈0.15 where favorable mag-
netic conditions could arise. These“iron-rich”ocean
analogues, develop long-lived dynamos and intense
magnetic fields. Despite having a rotational rate
∼10 times slower than Earth, these nominal ana-
logues are magnetically alike to Earth.
For most compositions, Proxima b nominal ana-
logues have dynamo lifetimes larger than plan-
etary age, τ⋆ = 4.8 ± 1 Gyr (Bazot et al.,
Figure 8: Ternary diagrams of the magnetic properties for
nominal Proxima b analogues. Gray areas correspond to
core-less or mantle-less objects where no planetary model
were calculated.
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Figure 9: Posterior distribution of the magnetic properties of the nominal analogues.
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2016; Barnes et al., 2016; The´venin et al., 2002;
Thoul et al., 2003). Only in 10% of the composi-
tions (eg. IMF≈0, CMF=MMF≈ 0.5), the dynamo
has been already shut down or it is disappearing.
According to the posterior distribution of the
minimum dipole moment (see Figure 9) the mag-
netic field strength of Proxima b nominal analogues
is:
log(Mnomdip ) = −0.77+0.27−0.26 (70%CL)
Mnomdip = 0.17×1.86÷1.86 Mdip,⊕ (90%CL)
Equivalently,
log(Bnomdip ) = 0.67
+0.44
−0.19 (70%CL)
Bnomdip = 4.7
×2.8
÷1.5 µT (70%CL)
4.2. Planetary ensemble
In Figure 10 we summarize in a mass-radius dia-
gram the most important features of the planetary
ensemble of Proxima b analogues. For illustration
purposes, we show in this figure a selected subset of
the planets (colored circles). Size and colors of the
layers in the circles represent mass fraction of ice,
silicates and iron. Contours in the main panel of
Figure 10 represent the joint posterior probability
distribution function PˆRpMp.
In the upper and right panels, the estimated
marginal cumulative distribution of Mp, namely∫∞
Mp
PˆMpdMp, and the marginal posterior distribu-
tions of planetary radius PˆRp are also shown.
A uniform prior in the inclination i produce a
highly concentrated planetary mass posterior dis-
tribution. Accordingly, ∼ 80% of the planetary
analogues have masses below 2.6 M⊕.
From the estimated marginal posterior distribu-
tion of planetary radius PˆRp in the right panel of
Figure 10 we conclude that provided uniform priors
for composition and orbital inclination, the plane-
tary radius of Proxima b analogues will be:
Rp = 1.38
+0.26
−0.19R⊕ (70%CL)
.
If on the other hand we only include planets hav-
ing significant amount of volatiles (hereafter “ocean
planets”, IMF≥0.2), the resulting marginalized pos-
terior distribution (dashed curve in the right panel
of Figure 10) gives us a slightly larger radius:
Roceanp = 1.46
+0.29
−0.15R⊕ (70%CL)
A similar analysis was performed for the case of
the dynamo lifetime and minimum dipole moment.
Results are shown in Figure 11.
As in the nominal case, most planetary analogues
have long-lived dynamos. For the particular case of
Proxima b we notice that most (& 60− 70%) of the
analogues have dynamo lifetimes & τ⋆ (gray shaded
area in the inset panel of Figure 11). However, If
we restrict the ensemble to ocean planets IMF≥0.2,
the fraction of analogues having long-lived dynamos
increases in almost 10%. This fact is consistent with
the results in Figure 6.
We find that a non-negligible fraction of ana-
logues, mostly iron-rich planets with masses larger
than 2M⊕, despite of having large rotational pe-
riods, have also magnetic fields as intense or even
stronger than Earth. Comparing the dynamo life-
time and magnetic dipole moment joint poste-
rior distributions, we realize that usually the same
planets having stronger fields are also those with
shorter-lived dynamos. This is consistent with the
result in the upper row of Figure 6.
It is interesting to notice that the posterior dis-
tribution of minimum dipole moments (right panel
of Figure 11) is not significantly modified when we
exclude volatile rich planets. This would imply that
for the sake of estimating sample average magnetic
field strength, bulk composition is not as important
as in the case of other magnetic properties.
Using the posterior distribution in Figure 11 we
predict that the minimum dipole moment for Prox-
ima b analogues is:
log(Mdip/Mdip,⊕) = −0.49+0.36−0.47 (70%CL)
,
or equivalently:
Mdip = 0.32×2.3÷2.9Mdip,⊕ (70%CL)
Correspondingly, the surface magnetic field
strength will be:
Bdip = 5.4
×2.2
÷3.9 µT (70%CL)
5. Discussion and conclusions
The results presented in this paper rely on rela-
tively robust models of planetary interior structure,
thermal evolution and dynamo scaling laws. The
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Figure 10: Mass-radius diagram (central panel), cumulative marginal distribution of planetary mass (top inset) and marginal
posterior distribution of planetary radii (right inset) for Proxima b analogues. The joint posterior distribution PˆRpMp is
represented by the background contour plot. Layered circles illustrate the properties of 100 selected planets. The radius of
each circle is proportional to planetary radius. The width of the color layers are proportional to mass-fractions: iron core (red),
rocky mantle (yellow) and ice crust (blue). Periods of rotation are represented with a vertical (1:1 resonance) or a horizontal
(3:2 resonance) black solid line.
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Figure 11: Posterior joint and marginal distributions of dynamo life-time (left panel) and minimum dipole moment (right panel)
for Proxima b analogues.
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discovery of Proxima b is an unique opportunity to
compare the predictions of these models with an ex-
oplanet that could be observed with unprecedented
detail in the near future and, hopefully, reached by
space probes in the coming centuries.
We have used in our interior structure and ther-
mal evolution models rather standard values of the
rheological and thermodynamic properties of the
materials inside the planet (thermal conductivities,
gruneisen parameter, thermal expansivities, viscos-
ity parameters, etc.). Many of these parameters are
still very uncertain, especially in the case of planets
more massive than Earth. Some of them depend
on composition and even may change as the planet
evolve. As a consequence the value that we ob-
tained here for the magnetic properties would be
different if better information about these proper-
ties is obtained from laboratory experiments or con-
straint from future observations.
In our models we have assumed the same com-
position for all the planetary cores despite the dif-
ferences in mantle and water envelope composition.
It should be stressed that assuming different iron
alloys or the presence of other elements such as sul-
fur, could significantly modify the results as it has
turned to be the case of Mercury in the Solar Sys-
tem (see eg. Harder and Schubert 2001).
Other models of planetary thermal and mag-
netic evolution have appeared in literature since
Zuluaga et al. (2013). Of particular relevance is the
recent model by Driscoll and Barnes (2015) that in-
cludes the effects of tidal heating. If tidal heating
is negligible (which is the case for a close-in low
eccentric planet trapped in synchronous rotation),
both models should have similar predictions (under
the same assumptions); their results will not differ
more than the discrepancies arising from the very
uncertain physical parameters on which these mod-
els depends on.
If future observations confirm the existence of an-
other planet in the system, as it was suggested by
Anglada-Escude´ et al. (2016), or are able to mea-
sure a non negligible orbital eccentricity (e > 0.06)
we will need to update these results by including
the effects of tidal heating. Meanwhile, however,
including these effects (that require at least another
2 or 3 unknown input free parameters) would just
reduce the robustness of our predictions.
Papers published so far about Proxima
b (Ribas et al., 2016; Barnes et al., 2016;
Coleman et al., 2016; Turbet et al., 2016) have
focus on modeling a lot of detailed properties of a
planet with 1.3 M⊕ and compositions similar to
that of Earth. While this paper has not been as
ambitious and exhaustive as those other works, we
have approached to the problem in a fundamentally
different way. We built a grid of planetary models,
having a large range of masses and compositions,
and calculated posterior probability distributions
of a few key properties.
Although the statistical significance of Proxima
b discovery is impressive (FAP∼ 10−7, B1/B0 ∼
107, Anglada-Escude´ et al. 2016) we should still
seek for an independent confirmation. Even in
the very unlikely case that the signal of Prox-
ima b have another origin (see a recent example
in Anglada-Escude´ and Tuomi 2015; Hatzes 2016),
our results are still valid for confirmed planets hav-
ing similar basic properties (minimum mass, orbital
period and stellar mass).
Our models have several important caveats that
could make their numerical predictions biased or
simply wrong.
We have completely neglected orbital eccentric-
ity. Although Anglada-Escude´ et al. (2016) obser-
vations are compatible with eccentricities as large
as 0.35, it does not directly suggest that the planet
has an eccentric orbit. Still, the dynamics of the
triple system or the stellar stream to which the host
star belongs, suggest that past perturbations could
have excited a non-zero eccentricity (Barnes et al.,
2016).
The presence of another super-Earth in the sys-
tem is neither confirmed nor discarded by observa-
tions. If a second planet exist, the orbit of Proxima
b could be perturbed and have an oscillating non-
negligible eccentricity.
We assumed that the abundance of key radionu-
clides, such Th-232, U-238 and K-40, in the mantle
of all our planetary analogues is identical to that of
Earth. However, it has been shown the abundance
of Eu (a proxy for r-process elements such as Th
and U) in the atmosphere of α Cen A is lower than
that of the Sun (Hinkel and Kane, 2013), suggest-
ing that Proxima b could have also a lower con-
tent of heavy radionuclides. On the other hand,
volatile-rich analogues of Proxima b could also have
larger contents of K-40 (a volatile element), pro-
vided they form beyond the snow-line. The effect
of a larger radiogenic inventory has been studied
by Barnes et al. (2016) (only in the case of planets
having the minimum mass). Larger radionuclides
abundances delay the solidification of an inner-core
but increase the core convective power. In our case
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if the abundance of Th and U is relatively low, the
predicted magnetic field strength will be slightly
lower. However, if our ocean planets have a signifi-
cant abundance of K-40, they could lack entirely of
a dynamo.
The small distance of Proxima Cen b opens a new
realm of possibilities for the observation of the ef-
fects that a planetary magnetic field has around the
planet. Synchrotron emission and auroral ultravio-
let radiation could be detected if we can resolve the
planet with future telescopes and radio telescopes.
Moreover, if a space probe is designed and launched
in the next decades we can measure in situ the mag-
netic properties of the planet in a similar fashion as
modern Solar System probes do with planets and
satellites.
We have used NASA ADS Bibliographic
Services. Most of the computations that
made possible this work were performed with
Python 2.7 and their related tools and li-
braries, iPython (Pe´rez and Granger, 2007), Mat-
plotlib (Hunter et al., 2007), scipy and numpy
(Van Der Walt et al., 2011). This work is sup-
ported by Vicerrectoria de Docencia-UdeA and the
Estrategia de Sostenibilidad 2014-2015 de la Uni-
versidad de Antioquia. SB acknowledges support
from the International Max-Planck Research School
for Astronomy and Cosmic Physics at the Univer-
sity of Heidelberg (IMPRS-HD) and financial sup-
port the Deutscher Akademischer Austauschdienst
(DAAD) through the program Research Grants -
Doctoral Programmes in Germany (57129429).
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